Introduction
The adverse toxic effect caused by Pb is now recognized, and regulations to restrict its use are becoming severe. For bronze, which is widely used in water faucets and pipes in waterworks, the leaching standard value for Pb was revised to a stringent value of 0.01 mg/L in Japan in April, 2003. 1,2) In response to this, Pb-free bronze with Bi as a substitute element for Pb has been developed, and it has been registered in JIS (Japan Industrial Standard). However, most of this Pbfree bronze is manufactured from virgin materials. If we continue the manufacturing method with virgin materials, the consumption of not only Bi, which is a rare metal, but also of Cu, Zn and Sn will increase. Moreover, an enormous amount of bronze scrap containing Pb will be accumulated without being recycled. These are undesirable situations from the viewpoints of the efficient use of resources and recycling.
The authors developed a new technology for removing Pb from copper alloys containing Pb. [3] [4] [5] [6] With this technology, the recycling of bronze scrap will become possible, and a new Pb-free bronze manufacturing system can be constructed. However, we must evaluate quantitatively to what degree the environmental impact can be reduced by shifting to the new Pb-free bronze manufacturing system.
In the present study, environmental impacts, such as global warming, resource consumption, energy consumption and acidification, of the manufacturing systems of Pb-bronze, the conventional Pb-free bronze which is manufactured from virgin material, and the new Pb-free bronze manufactured from bronze scrap were evaluated by life-cycle assessment [7] [8] [9] (LCA), and the superiority of the new manufacturing system was investigated.
Analysis Method
The LCA software JEMAI-LCA (developed by the Japan Environmental Management Association for Industry) was used to assess environmental impacts. The evaluated products were Pb-free bronze with Bi as a substitute for Pb and Pb-bronze for comparison. Figure 1 shows a schematic diagram of the system boundary. The conventional Pb-free bronze has been manufactured from virgin materials. This product is mixed with bronze scrap containing Pb after use. Therefore, it cannot be recycled because the technology for classifying such scrap has not been established yet. Thus, the manufacturing system of this product may be regarded as an open system. On the other hand, it is possible to recycle the new Pb-free bronze because bronze scrap containing Pb can be used as the main raw material. Thus, the new manufacturing system may be regarded as an closed system.
It was assumed that bronze scrap can be reused repeatedly in this method. The system boundary in the inventory analysis was from raw materials acquisition to casting, and the other processes were not included in the evaluation. Figure 2 shows the flow of materials within the system boundary. For Pb-bronze, both return scrap turnings produced during manufacturing and bronze scrap containing Pb are used as the main raw materials, as well as virgin materials for component adjustment. For conventional Pb-free bronze, both return scrap turnings produced during the manufacturing and virgin materials are used as the main raw materials. The new Pb-free bronze is made using both return scrap turnings produced during manufacturing and bronze scrap containing Pb as the main raw materials. Pb removal is carried out after these raw materials have been melted. The treatment of Pbcontaining waste was excluded from the evaluation, because 
Result and Discussion
The inventory analysis was carried out on 1 kg of pipe fitting (equal to 5 products). Inventory data was obtained from the database of the LCA software during the raw materials acquisition process and from the production management table of a waterworks equipment company during the casting process. Figures 3 and 4 show inventories for the manufacturing system of Pb-bronze and the conventional Pb-free bronze, respectively. Pb-bronze was made using 45 mass% copper alloy scrap containing Pb, as well as return scrap turnings and virgin materials as the main raw materials. The grade of copper alloy scrap is low because it includes not only Pb-bronze but also Pb-free bronze containing Bi.
As shown in Fig. 4 , in the conventional Pb-free bronze, the electric power consumption for melting is greater than that in the case of Pb-bronze. This is because the conventional Pbfree bronze is made using virgin materials as the main raw materials. Figure 5 shows inventories for the manufacturing system of the new Pb-free bronze. The amount of copper alloy scrap used increases to 80 mass%. This is because highgrade copper alloy scrap from which Pb is removed was used.
Thus, the electric power necessary to use Pb-bronze scrap as the main raw material was calculated on the basis of the data of Azagami. 10) Since the manufacturing system of the new Pb-free bronze requires electric power for Pb removal, it was estimated that the electric power consumed to manufacture the new Pb-free bronze increases by 33.0% compared with that in the case of the conventional Pb-free bronze (on the basis of the experimental data). Moreover, Bi was excluded from this analysis because it is not published in the JEMAI-LCA database, and the amount of addition was also slight. The compound of Pb, which was removed from bronze scrap, was summed up to slag. The inventory for these disposing was disregarded in this evaluation because the difference of the amount of slag between the comparison systems was small. Moreover, its influence on global warming, acid- Life Cycle Assessment of Manufacturing System of Lead-Free Bronze Productsification, consumption of energy resources and raw materials is considered to be negligible. Table 1 shows the results of inventory analysis of energy consumption and exhaust gas. The amount of consumption of each energy resource used to manufacture Pb-bronze is less than that in the case of the conventional Pb-free bronze. This is because energy consumption is decreased by using copper alloy scrap as the main raw materials. In the new Pb-free bronze, amount of energy consumed in the acquisition process of each raw material decreases, resulting in a decrease in the total amount of energy consumed. This is because energy consumption is decreased by decreasing the amount of virgin materials used as the main raw material. The amount of CO 2 exhausted is large in each manufacturing system. The amount of discharge of each exhaust gas of the conventional Pb-free bronze is larger than that in the case of Pb-bronze. This is related to increased CO 2 gas exhaustion resulting from the greater energy consumption due to the use of virgin raw materials. The amounts of each exhaust gas in the manufacture of the new Pb-free bronze are smaller than those in the case of the conventional Pb-free bronze. In particular, the reduction during the raw materials acquisition process is considerable. This is because less virgin raw materials is used. Table 2 shows the results of inventory analysis of resource consumption. The resource consumption is decreased significantly when using the manufacturing system of the new Pb-free bronze. Figure 6 shows the amount of each type of greenhouse exhaust gas for global warming multiplied by its characterization factor, where the characterization factor of CO 2 is 1.0. For each manufacturing system, CO 2 has a significant influence on global warming. This is because the amount of CO 2 emission is much larger than those of other gas emissions, even though the characterization factor of CO 2 (1.0) is considerably smaller than those of CH 4 and N 2 O (CH 4 :11.0; N 2 O:270.0). The overall influence on global warming is decreased by 43% by shifting from the conventional to the new manufacturing system of Pb-free bronze. Figure 7 shows the amount of each acidification exhaust gas multiplied by its characterization factor, where the characterization factor of SO 2 is 1.0. For each manufacturing system, SO 2 has a significant influence on acidification. The overall influence on global warming is decreased by 36% by shifting from the conventional to the new manufacturing system of Pb-free bronze. Figure 8 shows the amount of consumption of each energy resource multiplied by its characterization factor. In each manufacturing system, oil has a significant effect on consumption of energy resource. This is because the characterization factor of oil (45.0) is the second largest among the three energy resources (LNG:54.0; coal:25.9), in addition to oil consumption being very high. The overall effect on energy resource consumption is decreased by 19% by shifting from the conventional to the new manufacturing system of Pb-free bronze. Figure 9 shows the amount of consumption of each resource multiplied by its characterization factor. In each manufacturing system, Sn consumption has a significant effect on resource consumption. This is because the category indicator of Sn is large (Sn is a depleting metal), even though the actual amount of Sn consumption is small. Both Ca and Si are used for Pb removal. In the new manufacturing system, the effects of Ca and Si are small. The overall influence on energy consumption is decreased by 83% by shifting from the conventional to the new manufacturing system of Pb-free bronze.
Conclusion
Inventory analysis was carried out on both the conventional Pb-free bronze manufacturing system, in which virgin materials are used, and the new system, in which copper alloy scrap from which Pb is removed during the production process is used. The results show that shifting from the conventional to the new manufacturing system significantly reduces environmental impacts such as global warming, acidification, and consumption of energy resources and raw materials. Thus, from the LCA perspective, the new manufacturing system in which recycled copper alloy scrap is used is superior to the conventional system in which virgin materials are used. 
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